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The encapsulation of Fe nanoparticles in protective carbon coatings always leads to formation of unde-
sired paramagnetic austenite phase. Various ferrite stabilizing elements were included in the synthesis
process to verify whether their inclusion may minimize the austenite content in carbon-encapsulated
iron nanoparticles synthesized in thermal plasma jet. Eight ferrite stabilizing elements (Si, Al, Mo, Ti,
Zr, Cr, W and V) and one austenite promoting additive (Co) were tested. Their influence on the synthesis
yield, phase composition, morphology and magnetic properties of carbon-encapsulated iron nanoparti-
cles was studied. It was found that the addition of ferrite stabilizers strongly influences the diameter dis-
tribution, graphitization degree, phase composition and magnetic properties. Contrary to the
thermodynamic predictions the inclusion of ferrite stabilizing elements caused a substantial worsening

Keywords:

Magnetic materials
Magnetic properties
Phase composition

Austenite of magnetic performance in carbon-encapsulated iron nanoparticles. It has been also shown that the sub-

Annealing sequent heat treatment of carbon-encapsulated iron nanoparticles significantly improves their magnetic
properties.

© 2014 Published by Elsevier B.V.

1. Introduction Carbon-encapsulated magnetic nanoparticles can be fabricated

by a variety of synthesis routes. These approaches can be divided

Carbon-encapsulated magnetic nanoparticles, frequently into (i) low temperature and (ii) high temperature routes. The first

named as “carbon encapsulates”, are a core-shell type nanomate-
rial with a broad perspective of applications. Generally, the shell in
these nanostructures is of great importance, because it effectively
protects the core material from unwanted and uncontrollable pro-
cesses, e.g. oxidation, corrosion and agglomeration [1]. Carbon
encapsulates are considered as a unique platform which delivers
a very original solution to preserve the inherent physical and che-
mical properties of bare metal nanoparticles. The carbon coating in
carbon encapsulates is the best coating agent among other encap-
sulating materials (gold, polymers, boron nitride) because it is
light, impermeable and has high stability in contact with various
aggressive chemical reagents (non-oxidative mineral and organic
acids, bases, greases, oils) [2]. Moreover, the carbon coating
possesses high thermal stability because it does not undergo
gasification under oxygen atmosphere at temperature below
400-450 °C [3].

* Corresponding author. Tel.: +48 22 822 02 11.
E-mail address: mibys@chem.uw.edu.pl (M. Bystrzejewski).

http://dx.doi.org/10.1016/j.jallcom.2014.09.044
0925-8388/© 2014 Published by Elsevier B.V.

group primarily includes pyrolysis based processes and chemical
vapor deposition [4-7]. The low temperature approaches do not
require large energy input, however on the other hand have limit-
ed selectivity [7]. The high temperature routes (e.g. carbon arc dis-
charge, thermal plasma, flame spray synthesis) consume more
energy, however, are capable to fabricate carbon encapsulates in
a continuous manner and with high selectivity [8-10,6]. Iron is
the most frequent encapsulated element in carbon. This is because
the best magnetic performance of Fe over other transition metals.
Unfortunately, the encapsulation of Fe always leads to broad phase
composition. The products contain bcc Fe, FesC and fcc Fe-C
(austenite) nanoparticles encapsulated in carbon. The presence‘f)f
austenite is highly undesirable because this phase is paramagnetic
(at room temperature) and diminishes the overall magnetic
moment. The data published in previous papers show that the rela-
tive amount of austenite in carbon-encapsulated iron nanoparti-
cles (CEINs) can reach even 30% [11,12]. The goal of this work is
to verify whether the inclusion of ferrite stabilizing elements
(FSE) in the synthesis process of carbon-encapsulated iron
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nanoparticles may minimize the formation of unwanted austenite
phase. The thermodynamic predictions of the Fe-FSE system evi-
dence that the presence of all studied elements hampers the for-
mation of austenite and stabilize the ferrite phase. The phase
diagrams of these Fe-FSE systems are shown in Supplementary
Data. This work partially corresponds to the previous paper in
which the influence of Al on magnetic properties of carbon-encap-
sulated iron nanoparticles synthesized via carbon arc discharge
was studied [13].

2. Experimental

The synthesis of carbon-encapsulated iron nanoparticles was carried out using a
flow-through radio frequency thermal plasma reactor. The reactor comprises of two
sections, i.e. the plasma torch and the water-cooled chamber, in which the products
undergo condensation. The experimental system was described in details elsewhere
[14]. All tests were carried out under atmospheric pressure. The RF power (22-
23 kW) was supplied by a generator operating at 2-3 MHz. Argon was used as a
plasma gas (15 slpm), while the sheath gas was Ar (40 slpm) mixed with He
(20 slpm). The starting reactants (Fe powder, an additive and ethanol) were axially
introduced via a water-cooled probe located at the center of the plasma torch. Etha-
nol (purity at least 98%) was fed by a pneumatic feeder with a flow rate of
12.5 + 1.5 ml/min. The Fe powder with the mean grain size of 6-9 um (as declared
by the manufacturer) was used. Nine various additives (Si, Al, Mo, Ti, Zr, Cr, W, V
and Co) were in a form of fine powders (the mean grain size between 10 pm and
50 um). The metal powders (pure Fe or Fe-additive mixture (90-10 wt.%)) were
delivered to the torch by argon (5 slpm) with a feed rate of 1.6-5.8 g/min. The feed
rate for each delivered mixture and the corresponding flow rate of the collected
product are given in Table S1 (see Supplementary Data).

The as-synthesized (raw) products were collected from the reactor walls only.
In each test some amount of the solid products were also present in the bottom
of the reactor. These products consisted primarily of the non-processed starting
metal particles, and therefore they were not collected. The raw products were sub-
jected to purification in order to irreversibly remove the non-encapsulated metallic
particles and these particles, which were encapsulated in permeable (defected) car-
bon coatings. The purification procedure included 24 h of boiling in 3 M HCl with
subsequent washing with excess water and ethanol. The mass of the product recov-
ered after purification was monitored. The chemical composition of the raw and
purified products was evaluated by thermogravimetry under oxygen atmosphere
(the full procedure and the corresponding curves are shown in Supplementary
Data). The morphology of the raw and purified products was studied by transmis-
sion electron microscopy (TEM, Zeiss Libra 120 operated at 120 kV). The phase com-
position studies were conducted on a Bruker D8 diffractometer using a Cu Ko
radiation in a 2@ range between 10 and 70 with a step of 0.02 deg. Raman spectra
were acquired using a dispersive spectrometer (Jobin Ivon T-64000) equipped a
514.5 nm excitation laser. Magnetic measurements were carried out at 25 °C using
a vibrating magnetometer (Lake Shore 668). The measured magnetization was
referred to the total mass of the studied sample.

3. Results and discussion
3.1. Process efficiency

Fig. 1a shows the product formation rate of carbon-encapsu-
lated iron nanoparticles. The product formation rate is the defined
as the ratio of the flow rate of the collected product from the
reactor walls and the total feed rate of the starting reagents (i.e.
ethanol, Fe and the additive). Generally, the product formation
rate for most of the used additives is between 5% and 8%. A
substantially higher value is observed for the test conducted with
the inclusion of W (11%) and Zr (18%). The higher values of the
product formation rate plausibly result from the presence of cor-
responding carbides, which may interfere the product formation
rate (i.e. WC and ZrC, see Section 3.3 for more details). Fig. 1b
shows the purification yield for CEINs synthesized with the
addition of various ferrite stabilizing additives. The purification
yield is defined as the ratio of the starting and the recovered mass
of the sample which was subjected to purification. In other
words, the purification yield visualizes how much of the raw
product is irreversibly dissolved during acid treatment. The
purification yield varies in a relatively broad range, i.e. between
23% and 52%. For the correct interpretation of these results one
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Fig. 1. Product formation rate (a) and purification yield (b) of carbon-encapsulated
iron nanoparticles synthesized with addition of various ferrite stabilizing elements.

has to refer to chemical stability of the additives (and the corre-
sponding carbides) in boiled 3 M HCI. Iron, cobalt, aluminum,
titanium and chromium are the metals that are readily soluble
in hydrochloric acid. The other studied additives (W, Zr, V, Mo
and Si) are resistant to HCl. Among the carbides, only Al4,C; and
Co,C are the compounds that are easily leached by hydrochloric
acid. The pattern in Fig. 2 shows that the products synthesized
with the inclusion of Si, Zr, W and Co plausibly contain, in
addition to CEINs, carbides or pure metal crystallites, which can
appear in the encapsulated and non-encapsulated form.

The data from Fig. 1a and b along with the operational details
from Table S1 can be used to estimate the overall process efficien-
cy. The overall process efficiency (TPE) is a number, which determi-
nes the mass of the purified products, which is available in a unit of
time (e.g. g/h). This parameter can be calculated in the following
way: TPE (g/h) = PFR - PY - FRS (g/h), where TPE is the overall pro-
cess efficiency, PFR is the product formation rate (dimensionless),
PY is the purification yield (dimensionless) and FRS is the flow rate
of the starting reagents (i.e. ethanol, iron and the additive). The TPE
values are shown in Fig. S1. The pattern in Fig. S1 is generally simi-
lar to the diagrams presented in Figs. 1 and 2. The process efficien-
cy varies between ca. 9 g/h for (Al) and ca. 62 g/h (Zr). The data
show that the inclusion of W and Zr results in a (at least) 1.5-fold
increase of the process efficiency.

3.2. Morphology

The representative TEM images of the products are shown in
Fig. 2. Irrespectively of the applied additive the samples contain
nanosized particles. The nanoparticles are covered by a thin carbon
coating (a few nm in thickness). This observation directly proves
that the encapsulation process was successful. In the case of the
sample obtained from pure Fe (without any addition) most of the
nanoparticles have the diameter in the range between 10 nm and
70nm (Fig. 2a). The inclusion of ferrite stabilizing elements
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Fig. 2. Representative TEM images of carbon-encapsulated iron nanoparticles
synthesized from pure Fe (a), with addition of Al (b) and Zr (c).

decreases the diameter of CEINs. The nanoparticles have substan-
tially smaller diameter, i.e. 10-30nm for Al (Fig. 2b) and
20-50 nm for Zr (Fig. 2c). The same morphological features are
observed in the products synthesized with the addition of other

Fig. 3. Representative TEM images of a few-layer graphene from product synthe-
sized with addition of Al.

ferrite stabilizing elements. The carbon coatings are easily
observed and their thickness is up to 3-5 nm. This thickness corre-
sponds up to 10-15 stacked curved graphene layers. Importantly,
in some cases the products also contain few layer graphene (select-
ed images are shown in Fig. 3). The graphene structures have the
thickness between 5 nm and 20 nm (the thickness was evaluated
from the size of the bending zones, which are clearly visible on
the images). The few layer graphene sheets was observed in the
products synthesized from pure Fe and with the addition of: Al,
Ti, Cr and V. These structures were observed very occasionally in
the samples obtained from FelMo, Fe;Co and Felsi. The presence
of few-layer graphene was not found in the product obtained with
the inclusion of Zr and W. This observation shows that some ferrite
stabilizing elements also influences the process selectivity.

A rough analysis of TEM images demonstrates that the inclusion
of various ferrite stabilizing additives affects the diameter distribu-
tion of carbon-encapsulated iron nanoparticles. Therefore, the
statistical analysis (with the corresponding histograms) was
performed. At least 150 objects on the microscopic images were
analyzed and the mean diameter was evaluated from the log-nor-
mal fit. Fig. 4a and b show the selected histograms of diameter dis-
tribution for carbon-encapsulated iron nanoparticles synthesized
with the addition of Si and Al, respectively (the histograms for
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Fig. 4. Selected diameter distributions of CEINs synthesized with addition of Si (a),
Al (b) and mean diameter for various ferrite stabilizing elements (c).

other samples are shown in Fig. S2). The mean diameter of CEINs
synthesized with the addition of various ferrite stabilizing ele-
ments is shown in Fig. 4c. The mean diameter of carbon encapsu-
lates synthesized in the presence of FSE is reduced in comparison
to CEINs obtained from pure Fe. The largest reduction (more than
twofold) is observed for Al and Mo. In the case of other additives
(Ti, Zr, Cr, W, V and Co) the mean diameter is between 10 nm
and 13 nm. Interestingly, the reduction of the mean diameter in
the case of Si is the lowest (i.e. from 20 nm to 17 nm). The recent
studies show that the diameter distribution of CEINs synthesized
in thermal plasma jet depends primarily on the sublimation kinet-
ics of pristine Fe grains [15]. The larger grains, due to their greater
weight, sublimate slower because their residence time in the high
temperature zone of the plasma flame is limited. The slower
sublimation corresponds to the lower density of Fe vapor and
consequently leads to fewer collision/nucleation frequency, which
finally results in particles of smaller diameter. However, these
considerations are not adequate to explain the pattern in Fig. 4c,

because the starting Fe powder and the additives have a compara-
ble grain size. Thus, the observed variation in the mean diameter is
plausibly related with the presence of various additives. This find-
ing fairly agrees with the other literature data, which shows that
the studied additives influence the grain size of carbon steel. One
has to be aware that the direct analogy between carbon steel and
carbon-encapsulated iron nanoparticles is only an a very rough
assumption. Silicon, titanium, tungsten, vanadium, zirconium, alu-
minum and molybdenum are the elements, which generally pro-
mote the fine grain structure in carbon steel (their presence
limits or refines the grains size) [16]. On the other hand, the pres-
ence of chromium and cobalt presumably results in the grain
coarsening [17]. The comparison of these literature data with the
pattern in Fig. 4c partially explains the role of the additive in con-
trolling the diameter distribution. The compatibility is found for
most of the additives, however, except of Co and Cr.

3.3. Structure and chemical composition

Fig. 5 shows the selected X-ray diffraction patterns of the puri-
fied products (the patterns for other raw and purified samples are
shown in Figs. S3 and S4). The qualitative phase composition of all
products is listed in Table 1. The sample synthesized from pure Fe
is comprised of four crystalline phases: graphitic carbon, bcc Fe, fcc
Fe_C (austenite) and iron carbide. The (002) reflection for graphitic
carbon (located at 26 deg) is broadened. This is a consequence of
its low thickness (3-5 nm, see TEM results) and topological defects
(pentagons and heptagons) which are needed to introduce the cur-
vature in graphene layers. The austenite phase is thermody-
namically unstable at room temperature and should not be
present. It is not an unexpected result since this phase was
observed previously in CEINs by other researchers [11]. The encap-
sulation of austenite nanoparticles in carbon blocks the sponta-
neous transition of fcc Fe_C to bcc Fe and FesC. The inclusion of
ferrite stabilizing changes the phase composition (Table 1). First
of all, the (002) reflection from graphite is absent or has very weak
intensity. This is due to the fact that this phase is of much lower
crystallinity than other phases present in the analyzed samples.
The raw products have generally simpler phase composition in
comparison to the purified materials. The (110) reflection from
bcc Fe is the strongest feature in all samples. The bare metallic
phases and/or their respective carbides are present in the products
obtained with the inclusion of the additives, however, the corre-
sponding reflections are of relatively weak intensity. In the case
of purified CEINs the fcc Fe-C phase is observed in the products
obtained from pure Fe and with the addition of the following addi-
tives: Mo, Ti, Zr, Cr, W and V. These findings demonstrate, contrary
to the thermodynamic predictions, that the inclusion of ferrite sta-
bilizing elements does not eliminate the unwanted austenite
phase. Moreover, most of FSE (Mo, Ti, Zr, Cr, W and V) leads to
the formation of the respective carbides. None of the reflections
from the carbide phases were observed in the products obtained
with the addition of Si, Al and Co. Moreover, in the case of Si, Al,
Ti, Zr and W the XRD patterns show the presence of the bare metal
crystallites. Since all of the carbides originating from the ferrite
stabilizing additives are resistant to hydrochloric acid it cannot
be unambiguously stated that the nanoparticles made of these car-
bides are encapsulated or not encapsulated in carbon. The same
finding is found for Si, Zr and W (these metals are also insoluble
in HCI). However, the detailed analysis of TEM images does not
demonstrate the presence of other objects than carbon encapsu-
lates and few layer graphene. This finding strongly suggest that
the phases based on FSE additives are encapsulated in carbon. In
fact, the literature review shows a few examples of carbon-encap-
sulated Si [18], W [19] and Zr [20] nanoparticles. Additionally, the
(110) Fe reflection in all purified CEINs is broadened and spans the
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Fig. 5. Selectred powder XRD patterns of purified carbon-encapsulated iron
nanoparticles synthesized from pure Fe (a), with addition of Al (b) and Zr (c).

Table 1
Phase composition and G/D ratio values of carbon-encapsulated iron nanoparticles
synthesized with the addition of various ferrite stabilizing additives.

Additive  Phases identified Phases identified G/D
in raw CEINs in purified CEINs
Pure Fe bcc Fe, fcc Fe-C, FesC  C, bec Fe, fcc Fe-C, FesC 1.80
Si bec Fe, fcc Fe-C, Si C, bec Fe, Si, FesC 0.94
Al bcc Fe, Al C, bec Fe, Al 1.76
Mo bcc Fe, Mo,C bcec Fe, fcc Fe-C, Mo,C 1.29
Ti bcc Fe, TiC bcc Fe, fcc Fe-C, Ti, TiC 1.96
Zr bec Fe, fcc Fe-C, ZrC bcc Fe, fcc Fe-C, Zr, ZrC 1.13
Cr bcc Fe bcc Fe, fcc Fe-C Cr,C 3 1.62
w bce Fe, W, WC bcc Fe, fcc Fe-C, W, WC 1.26
\ bcc Fe, V,C bcc Fe, fcc Fe-C, FesC, C, V,C,VC  1.78
Co bcc Fe-Co bcc Fe-Co 1.23

2 theta range between ca. 40 and 45 deg. This range is typical for
the strongest reflections of Fes C phase. Therefore the presence of
iron carbide crystallites cannot be excluded as well.

Further structural details were derived from Raman spectra.
Raman spectroscopy is a powerful and sensitive technique which
is frequently used to investigate the structural ordering in carbon
materials. The first order Raman spectrum has two typical bands,
i.e. the so-called G and D bands. The first spectral feature which
is located at ca. 1585 cm™! is related with in-plane vibrations of
C-C bonds within the hexagonal lattice of graphene layers [21].
This band is associated with structural ordering and gets more
intense in highly graphitized carbon materials. The D band, which
is located at ca. 1340 cm™!, corresponds to structural (e.g. vacan-
cies, heteroatoms) and topological (e.g. pentagons, heptagons)
defects. The intensity of this feature is increased in carbon materi-
als having low structural ordering. The so-called G/D ratio is a com-
mon indicator of graphitization degree in carbon-based materials
[22]. Please note, that this ratio should be evaluated not from the
peak intensities. The proper way involves the deconvolution proce-
dure and calculation the areas under the G and D bands. The select-
ed Raman spectra are shown in Fig. 6. In the case of the product
obtained with the addition of Si the spectrum contains a relatively
weak band located at 519 cm~'. This feature corresponds to the
lattice vibrations of Si. In fact, the presence of silicon was also con-
firmed by X-ray diffraction studies. The evaluated values of G/D
ratio are listed in Table 1. This parameter varies in a relatively nar-
row range, i.e. between 0.94 and 1.80. This range corresponds to
carbon materials with a moderate graphitization degree [23]. A
rough look on the data in Table 1 does not bring any correlation
between the additive and the G/D ratio. All of the additives studied
in this work are known as efficient catalyst of graphitization [24].
Nevertheless, none of them caused a substantial improvement of
the graphitization degree. This finding might be due to the fact
that the formation of carbon coating in CEINs is a rapid process,
whilst the available literature data [24]| concern the processes,
which undergoes under low heating rates. Another interesting
finding is the nearly linear correlation between the G/D ratio and
the purification yield (Fig. 7). As mentioned in the above sections
the higher purification yield can result from the presence of
carbides which are non-soluble in HCL. The “tightness” of the
carbon coating is the other factor (probably the most important
one) which influences the encapsulation yield. The tight coating
provides the essential barrier against the corrosion agent and
provides the acid resistance to the encapsulated particles. The
carbon coating is built of curved graphene layers and mimics the
shape of the encapsulated nanoparticle. The topological defects
are necessary to introduce the sufficient curvature and make the
coating hermetic and impermeable to hydrochloric acid. Obviously
the higher density of topological defects should improve the
tightness of the carbon coating and simultaneously decrease the
G/D ratio. This statement explains the observed pattern in Fig. 7.

Table 2 shows the chemical composition of the raw and purified
products. The chemical composition was evaluated from thermo-
gravimetric curves (for details see corresponding comments in
Supplementary Data). In the case of the raw products Fe is the
main constituent and its content is between 69.5 and 89.9 wt.%.
The purification procedure results in a decrease of both the Fe
and FSE content. This reduction is an effect of the elimination of
nanoparticles by hydrochloric acid treatment. Importantly the
total content of Fe and the additive is lower than the Fe content
in the purified CEINs synthesized with pure Fe. The largest reduc-
tion is found in the test with Al, in which the total content is only
46.4 wt.% (this value is 1.7-fold lower in comparison to the test
with pure Fe). In fact, this observation is in agreement with the
purification yield, which is 36% and 24% for pure Fe and Al additive,
respectively. Among all studied additives, the use of Co resulted in
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Fig. 6. Selected Raman spectra of purified of purified carbon-encapsulated iron
nanoparticles synthesized from pure Fe (a), with addition of Al (b) and Zr (c).

a marginal reduction of the total metal content from 80.0 to
74.4 wt.%.

The data from Table 2 clearly demonstrate that the inclusion of
any ferrite stabilizing element causes the reduction of Fe content in
the purified carbon-encapsulated iron nanoparticles. This observa-
tion can be explained using the phase composition results. As it
follows from Table 2 the inclusion of FSE evokes (with an exception
of Si and Al) the formation of respective carbides. Therefore the
available amount of carbon is diminished and it consequently leads
to thinner or less-developed carbon coatings.

3.4. Magnetic properties
Fig. 8 shows the selected hysteresis loops for the raw and puri-

fied carbon-encapsulated iron nanoparticles. Both raw and purified
products have typical soft ferromagnetic characteristics. The

0,8 1,0 1,2 1,4 1,6 1,8 2,0
G/D ratio

Fig. 7. Relation between purification yield and G/D ratio.

saturation magnetization (Ms) and coercive field values for all
CEINs are listed in Table 3. The raw products have larger saturation
magnetization in comparison to the purified samples. This is a
consequence of different chemical composition, namely the Fe con-
tent in raw CEINs is higher in comparison to the purified products.
The remnant magnetization for the raw and purified products is
1.5-6.3% and 2.7-6.1%, respectively. Both the raw and purified
CEINs have a relatively low coercive field, which varies in a narrow
range, i.e. between 40 and 173 Oe. The observed magnetic charac-
teristics does not diverge from the magnetic performance of car-
bon-encapsulated iron nanoparticles fabricated using other
techniques (carbon arc discharge [9], chemical vapor deposition
[4], combustion synthesis [25], flame synthesis [10] and
hydrothermal synthesis [26]).

Fig. 9a shows the values of saturation magnetization for the
products obtained with all studied ferrite stabilizing elements. It
is evident that all FSE additives worsens the magnetic perfor-
mance. The highest reduction of M; is found for Al and Mo and in
this case the saturation magnetization is lowered even twofold.
Interestingly the inclusion of cobalt, which should promote and
stabilize the paramagnetic austenite phase, virtually does not
change the M; value. This picture is in total disagreement with
the thermodynamic predictions and suggests that the growth of
carbon-encapsulated iron nanoparticles undergoes under
non-equilibrium conditions.

The observed saturation magnetization exclusively originates
from the phases which are ferromagnetic, i.e. bcc-Fe and FesC.
The contribution from fcc Fe-C can be neglected because the
austenite phase is paramagnetfc and its magnetic susceptibility is
at least 4-5 orders of magnitude lower in comparison to the men-
tioned ferromagnetic constituents. The same scenario refers to
carbides which were identified in phase composition studies
(please note that all of these carbides have paramagnetic behav-
ior). Obviously, the presence of either the FSE based carbides
and/or fcc Fe;C will diminish the saturation magnetization. The
pattern in Fig. 9a shows that the inclusion of FSE lowers the satura-
tion magnetization by the factor 1.3-2.0. This reduction of M, can-
not be exclusively caused by the presence of FSE based carbides. In
the case, when all amount of the ferrite stabilizing agent added
would be in a form a carbide then the saturation magnetization
should be reduced by the factor not larger than 1.1 (the content
of FSE in the initial Fe-FSE mixture is 10 wt.%). Therefore it is very
likely that the inclusion of ferrite stabilizing elements promotes
the formation of austenite phase. The amount of austenite cannot
be directly evaluated from the X-ray diffraction patterns, because
the reflections from austenite and bcc Fe are overlapped. Neverthe-
less, it is possible to predict the relative content of austenite in a
semi-quantitative way from the normalized values of saturation
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Table 2
Chemical composition of carbon-encapsulated iron nanoparticles synthesized with addition of various ferrite stabilizing additives.
Additive Raw CEINs Purified CEINs
C (wt.%) Fe (wt.%) Additive (wt.%) C (wt.%) Fe (wt.%) Additive (wt.%)
Pure Fe 111 89.9 N.A. 19.9 80.0 N.A.
Si 22.7 69.5 7.8 35.6 57.9 6.5
Al 19.6 72.3 8.1 53.6 41.7 4.7
Mo 13.7 77.6 8.7 46.9 47.8 5.3
Ti 10.6 80.4 9.0 339 59.5 6.6
Zr 11.0 80.1 8.9 23.7 68.7 7.6
Cr 12.5 78.7 8.8 349 58.6 6.5
W 13.7 77.7 8.6 25.7 68.4 5.9
\% 10.1 81.2 8.7 29.0 64.1 6.9
Co 113 79.9 8.8 25.6 67.0 7.4
150 4 ravs{ QEINs Table 3
— purified CEINs Coercive force (H¢) and saturation magnetization (M) of carbon-encapsulated iron
2 100 . . . . . . e .
S5 nanoparticles synthesized with addition of various ferrite stabilizing additives.
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Fig. 8. Selected magnetic hysteresis loops for raw and purified CEINs obtained from Zo 110 4
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pure Fe (a), with addition of Al (b) and Zr (c).

423 magnetization. The normalization procedure includes dividing the
424 saturation magnetization by the total Fe content. Please note that Fig. 9. Saturation magnetization (a) and normalized saturation magnetization (b) of
425 the total Fe content is a value which visualizes the iron which is purified CEINs synthesized with addition of various ferrite stabilizing elements.

Please cite this article in press as: Z. Karoly et al., J. Alloys Comp. (2014), http://dx.doi.org/10.1016/j.jallcom.2014.09.044



http://dx.doi.org/10.1016/j.jallcom.2014.09.044

426
427
428
429
430
431
432
433
434
435
436
437
438
439
440

441

442
443
444
445
446
447
448
449
450
451
452
453
454
455
456
457
458
459
460
461
462
463
464
465
466
467
468
469
470
471
472
473
474
475
476
477
478
479
480
481
482
483
484
485
486
487
488
489

JALCOM 32155
16 September 2014

No. of Pages 10, Model 5G

8 Z. Karoly et al./Journal of Alloys and Compounds xxx (2014) xXX-Xxx

present in all Fe-bearing phases that are present in CEINSs, i.e. bcc
Fe, fcc Fe-C and Fes;C. The normalized saturation magnetization
vs. total Fe content for all studied ferrite stabilizing elements is
shown in Fig. 9b. The normalized M; of ca. 145-155 emu/g is found
for CEINs synthesized from pure Fe and with addition of Al, Si, Mo
and Co. This finding clearly proves that the relative content of both
ferromagnetic phases (i.e. bcc Fe and Fe3C) is on a comparable level
in these products. As for example the normalized M; of 150 emu/g
may correspond to the situation in which the relative mass frac-
tions of bcc Fe and FesC are ca. 38 and 40 wt.% (0.38 * 220 emu/
g +0.40 * 165 emu/g = 151 emu/g). In the case of Cr, Ti, Zr, W and
V the normalized saturation magnetization is substantially lower,
i.e. it decreases even to 113 emu/g. Hence, a such reduction must
be accompanied by an increased amount of the paramagnetic
austenite phase.

3.5. Improving the saturation magnetization by post annealing

As it was shown above the inclusion of ferrite stabilizing ele-
ments worsens the magnetic performance of carbon-encapsulated
iron nanoparticles. The magnetic studies showed that the FSE addi-
tives promote the formation of austenite phase and decrease the
specific magnetization. As it follows from the literature on heat
treating of steel, the hardened steel contains retained austenite
and martensite phases. These phases can be transformed to a mix-
ture of ferrite and iron carbide phases during tempering process.
The tempering process includes slow heating to the desired
temperature and subsequent slow cooling. The recent studies have
shown that the optimal temperature at which the retained austen-
ite decomposes is above 400 °C [27]. We have adopted this proce-
dure to the purified CEINs obtained with the addition of Ti to verify
whether the heat treatment can promote the decomposition of
austenite and increase the magnetic performance. This material
was chosen because it has substantially low saturation magnetiza-
tion in comparison to the reference sample (i.e. obtained from pure
Fe). The process was tracked by differential scanning callorimetry
(DSC). Fig. S6 shows the DSC heating-cooling curve, which was
acquired with the heating/cooling rate of 10 °C/min under nitrogen
atmosphere. The DSC heating curve shows a broad endothermic
peak located at ca. 475 °C. This feature is absent on the cooling
curve and this observation points that the transition is irreversible.
The endothermic peak was also absent when the sample was con-
ducted to the repeated heating/cooling cycles (data now shown).
The transition observed on the DSC curve can be ascribed to the
decomposition of austenite. Wen et al. studied the thermal sta-
bility of retained austenite in low carbon steel and found that
the retained austenite decomposes at 495-497 °C [28]. The
observed phase transition temperature is lower and is plausibly a
consequence of the grain size. It has been demonstrated that the
phase transitions in nanoparticles occurs at lower temperature in
comparison to bulk materials [29]. The magnetic studied support
the hypothesis that that the decomposition of austenite was suc-
cessful. Fig. 10 shows the hysteresis loops for the non-annealed
and annealed CEINs obtained with the addition of Ti. The satura-
tion magnetization substantially increases after heat treatment,
i.e. from 73 to 97 emu/g. The saturation magnetization of the
annealed sample is still below the maximum achievable value.
The Fe content in this sample is 59.5 wt.% and this should reflect
the saturation magnetization of 133 emu/g (224 emu/g-0.595-
133 emu/g). The experimental value (97 emu/g) is only 73% of
the predicted magnetization. This finding implies that: (i) annealed
sample contains some amounts of retained austenite, and (ii) the
annealed materials contains iron carbide which was not trans-
formed to ferrite and graphite. In fact, iron carbide which has lower
saturation magnetization (ca. 165 emu/g) in comparison to pure
bcc Fe phase and its presence may reduce the observable

Annealed CEINs
Non-annealed CEINs

100 -

a
o
1

Magnetization (emul/g)
a2 o

-100 -

T T T T T T
-15000 -10000 -5000 0 5000 10000 15000
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Fig. 10. Magnetic hysteresis loops for non-annelad and annelad purified CEINs
obtained with addition of titanium.

saturation magnetization. The exact solution of this problem could
be derived from detailed studies by Mdssbauer spectroscopy.

4. Conclusions

The aim of this work was to verify whether is it possible to mini-
mize the amount of undesired paramagnetic austenite phase in car-
bon-encapsulated iron nanoparticles synthesized via thermal
plasma jet route. The hypothesis included the incorporation of eight
elements which are widely used in steel metallurgy as ferrite stabi-
lizing elements. For the sake of comparison Co (austenite stabilizing
additive) was also investigated. The inclusion of all studied addi-
tives influenced the major operational parameters (purification
rate, product formation rate) as well as the process selectivity, phase
and chemical composition, graphitization degree and magnetic
properties. All of the additives reduced the mean diameter of car-
bon-encapsulated iron nanoparticles. The largest reduction
(more than twofold) was found for Al and Mo. The inclusion of Al,
Ti, Cr and V changed the process selectivity. The products, beside
carbon encapsulates, contained some amount of few layer gra-
phene. The presence of the additives strongly influenced the phase
composition. In most cases the products, beside Fe-bearing phases,
contained respective carbides. The products had soft ferromagnetic
behavior with the corresponding ioercive field between 40 and 173
Oe. The remnant magnetization varied between 1.5% ind 6.3% of the
saturation magnetization. The inclusion of any of the studied ferrite
stabilizing elements drastically worsened the magnetic perfor-
mance. This was manifested by the decreased saturation magneti-
zation, which resulted from an increased content of the
paramagnetic austenite phase. It has been also demonstrated that
non-sophisticated annealing of carbon-encapsulated iron
nanoparticles under inter atmosphere significantly improves their
saturation magnetization.
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